The rover Opportunity has investigated the rim of Endeavour Crater, a large ancient impact crater on Mars. Basaltic breccias produced by the impact form the rim deposits, with stratigraphy similar to that observed at similar-sized craters on Earth. Highly localized Zn enrichments in some breccia materials suggest hydrothermal alteration of rim deposits. Gypsum-rich veins cut sedimentary rocks adjacent to the crater rim. The gypsum was precipitated from low-temperature aqueous fluids flowing upward from the ancient materials of the rim, leading temporarily to potentially habitable conditions and providing some of the waters involved in formation of the ubiquitous sulfate-rich sandstones of the Meridiani region.
After more than 7 years of operations and 33 km of traversing, the Mars Exploration Rover Opportunity has reached Endeavour Crater. Endeavour is ~22 km in diameter and formed in Noachian (1) materials that predate the sulfate-rich sedimentary rocks explored by Opportunity for most of its mission (2, 3) . Endeavour was chosen as a target because the rocks there record an ancient epoch in martian history, and because orbital infrared data show that phyllosilicate minerals are present in portions of the crater rim (4) .
Opportunity arrived at Endeavour Crater on Sol 2681 (5) of its mission, at a low-lying segment of the rim, ~700 m in length, named Cape York (Fig. 1) . Shoemaker Ridge (6) forms the spine of Cape York, and is the type locality for the Noachian materials of the rim, which we call the Shoemaker formation. Opportunity first arrived at Spirit Point, the southern tip of Cape York, and then traversed northward 851 m before stopping at Greeley Haven (7) at the northern end of Cape York to spend the martian winter.
Instruments of Opportunity's Athena payload (8, 9) were used to investigate materials within the Shoemaker formation, including the bedrock outcrop Chester Lake (Fig. 2 ) near the southern end of Shoemaker Ridge, and several bedrock targets near Greeley Haven at the northern end. Although separated by more than half a kilometer, these outcrops are similar in physical appearance and elemental chemistry; we interpret them to represent the dominant surface rock type of Cape York.
Chester Lake and all the rocks near Greeley Haven have similar textures. They are brecciated, with dark, relatively smooth angular clasts up to ~10 cm in size embedded in a brighter, fractured, fine-grained matrix. Some outcrops, notably Chester Lake, show fine-scale lineations in the matrix and alignment of some clasts (Fig. 2) . Pancam spectra of the matrix exhibit a gradual decrease in reflectance toward 1000 nm. The clasts can show specular reflections, have a relatively deep absorption at 934 nm, and a shallower 535 nm absorption than the matrix materials, consistent with relatively unoxidized basaltic material containing low-Ca pyroxene.
The matrix of Chester Lake is easily abraded. Using the rover's Rock Abrasion Tool (RAT), a portion of Chester Lake dominated by matrix was abraded to a depth of ~2.5 mm.
Resistance to abrasion is quantified using specific grind energy, the energy required to abrade away a unit volume of rock. The specific grind energy for Chester Lake was ~1.5 J mm -3 .
Representative values for weak terrestrial materials are 0.7-0.9 J mm -3 for chalk and 4.8-5.3 J mm -3 for gypsum (10) . Chester Lake is substantially weaker than all but one of the 14 diverse rocks abraded by Spirit at Gusev Crater (11) , but comparable to the sulfate-rich sandstones at Opportunity's landing site (12) .
At Chester Lake we used the Alpha Particle X-Ray Spectrometer (APXS) to measure the elemental composition of both the matrix (after abrasion by the RAT) and one of the clasts.
Measurements were also made of three targets near Greeley Haven: Transvaal and Boesmanskop (both matrix) and Komati (a clast). All are similar to one another in composition, and all are similar to the basaltic sand typical of the Meridiani region ( Table 1) . The major elements (Na, Mg, Al, Si, Ca and Fe) are mostly within 10 wt%, and all but a few are within 20 wt%, of the basaltic sand composition.
Fe/Mn ratios of the matrix range from 40 to 44, and "Mg numbers" (molar 100 Mg/ (Mg+Fe T   2+ )) of all samples range from 41 to 48. These are within the ranges of basaltic meteorites from Mars (36-45 and 24-68, respectively (Fig. S1) ) and indicate that any alteration of the protolith of these rocks did not substantially mobilize Mg, Mn, or Fe. P contents are higher than basaltic sand, and Cr contents are lower. However, these minor elements follow trends of martian basaltic and lherzolitic meteorites (Fig. S1 ), suggesting that igneous fractionation established the major and minor element concentrations.
We interpret all of these rocks to be breccias formed during the Endeavour impact. The compositional similarity to Meridiani basaltic sand is consistent with the view that both materials broadly reflect the composition of the surficial crust in this region.
While we cannot assess the degree of shock metamorphism of the clasts or the presence of glass in the matrix, we note that the texture of these rocks is similar to that typical of suevite breccias (13) common in impact settings on Earth and the Moon. For terrestrial suevites, particle shape fabrics have been reported oriented radial to the impact point, and have consequently been related to the emplacement flow (14) . The linear fabric in Chester Lake is oriented within ~5° of radial to the center of Endeavour, although we cannot rule out the possibility that this texture is erosional rather than primary.
Near the southern end of Shoemaker Ridge, Opportunity encountered Odyssey crater (Fig. 1) . Odyssey is elliptical, ~23 19 m, with its major axis oriented orthogonal to a field of ejecta blocks that extends to the southeast. The ejecta block Tisdale was investigated in detail.
Tisdale differs texturally and compositionally from Chester Lake and Greeley Haven rocks.
Because it was excavated from Odyssey crater, Tisdale may represent a deeper unit within the Shoemaker formation. Tisdale and other Odyssey ejecta blocks are breccias, with poorly sorted, closely packed angular to rounded clasts up to several cm in size (Fig. 3) . Tisdale lacks the extensive fine-grained matrix of Chester Lake and other rocks, and contains lithic fragments over a wide range of grain sizes. Gusev crater (15) . Variable P enrichment may result from metasomatism of silicate materials by P-rich hydrothermal solutions (16) or acidic solutions dissolving P from source rocks and reprecipitating it (17) . It is unlikely, however, that the high P simply reflects a different igneous composition than the Chester Lake target material, as the Tisdale targets do not follow typical igneous fractionation trends, such as that defined by martian meteorites (Fig. S1c) .
It is instructive to compare the rim deposits of Endeavour Crater to those of the comparably sized Ries impact structure in Germany (18) . At the Ries, thin deposits of surficial suevite (19) , often just a few m thick, overlie the Bunte Breccia that dominates the impactites of the rim (20) . The Bunte Breccia is a poorly sorted polymict lithic breccia. It represents the continuous ballistic ejecta deposit, and is derived primarily from the uppermost lithologies of the target (21) . Rounded clasts are common. The surficial suevite that overlies it was deposited late in the impact process, either via fallout from a gaseous ejecta plume (22) or as a surface-hugging flow (23) . We suggest that a similar relationship may hold at Endeavour, with Tisdale representing the main breccia unit of the rim, and Chester Lake and the rocks near Greeley
Haven emplaced later in the impact flow.
Tisdale's Zn abundances correlate with both S and P, suggesting that Zn sulfides, sulfates, and/or phosphates could be present. High-Zn materials on Earth are common in settings like volcanogenic massive sulfide deposits, where hydrothermal circulation has mobilized Zn and caused precipitation of Zn sulfides and development of associated alteration products (24).
The heating caused by an impact the size of Endeavour is sufficient to cause hydrothermal circulation if water is present (25) . We suggest that the Zn enrichment in Tisdale could have The composition of Shoemaker formation rocks is also not a good match to either Bounce Rock (26) or Marquette Island (27) , two basaltic rocks encountered earlier in Opportunity's mission that lie atop Burns formation sandstones. These must be ejecta blocks from distant craters that postdate Endeavour, sampling different crustal materials.
Cape York is encircled by a gently outward-sloping topographic bench ~6 m wide on the west and up to 20 m wide on the east (Fig. 1) . The outer part of the bench on the western side exposes bright thinly bedded sandstones with bedding that dips shallowly toward the plains. Opportunity investigated one of these veins, named Homestake (Fig. 4) , near the northern end of Cape York. Homestake forms a discontinuous, flat-topped ridge 1-1.5 cm wide and ~50 cm long. It stands up to ~1 cm above the surrounding bedrock, suggesting that it is more erosionresistant than the material into which it was emplaced. MI images reveal a fine linear texture perpendicular to the trend of the vein.
Three separate APXS analyses were conducted on Homestake. All were similar ( (Fig. 4b) show, however, that significant contaminants must be present in this measurement. Homestake does not fill the ~3.8 cm circular field of view of the APXS, so contamination by background material (mostly dark sand in the MI images) must be present. MI images of Homestake show a mottled upper surface, also suggesting surface contamination.
Modeling the composition of Homestake as a three-component mixture of calcium sulfate, typical Meridiani basaltic sand, and typical martian dust, and accounting for the energy dependence of the signal from a thin dust layer, we find that the composition in Table 1 Homestake was emplaced in the darker inner unit of the bench surrounding Cape York.
The rock of this unit is platy in appearance, with mm-scale layering that is poorly exposed but shows locally varying strikes and dips. Its elemental composition, measured at a location named Deadwood (Table 1) , is similar to Shoemaker formation rocks, though without strong Zn and Ni enrichments. From its elevated Ca and S, Deadwood also appears to contain a small amount The key stratigraphic and crosscutting relationships along the western margin of Cape York are depicted in Figure 6 . We interpret the inner portion of the bench, characterized by Deadwood, to be the first sedimentary unit to form on Endeavour's rim, dominated by material shed from the Cape York breccias. This material, and the basal Burns formation sandstone that unconformably overlies it, were subsequently cut by fractures that were filled by gypsum precipitated from sulfate-rich fluids generated within the nearby Noachian crust. These fluids were likely at low temperature (if hydrothermal, they were distal), since anhydrite would be expected otherwise. In pure water the gypsum/anhydrite conversion temperature is ~40-60°C, and in concentrated brines it can be substantially lower (37 The absence of substantial deformation of the veins suggests there has been minimal transformation between gypsum and anhydrite since emplacement. The molar volumes of these minerals differ by a factor of ~1.6; in terrestrial settings, such transformations typically produce complex deformation features (38) . The absence of gypsum-anhydrite transformations further suggests that these rocks remained at relatively low temperatures since vein emplacement.
Development of the materials investigated at Endeavour began with an impact into basaltic rocks, producing breccias with a stratigraphy similar to that observed at some comparably sized terrestrial impact craters. Degradation and shedding of these breccias formed thin sedimentary materials immediately surrounding Cape York, over which the basal Burns formation sandstones were unconformably deposited. Emplacement of the gypsum veins then took place, postdating the earliest Burns formation sandstones, but probably predating much of the rest of the Burns formation stratigraphy encountered by Opportunity.
The ubiquity of impact breccia at Cape York contrasts with the only other Noachian terrain explored in situ, the Columbia Hills in Gusev Crater. The Spirit rover encountered great lithologic diversity there, including materials interpreted as impact ejecta (11) . However, none were breccias, and none had the lateral extent of the Shoemaker formation. We suggest that the difference can be attributed to Opportunity's sampling of the rim deposits of a single large crater, rather than Spirit's sampling of more distal ejecta from multiple impacts.
The gypsum veins at Cape York provide clear evidence for relatively dilute (water activity a w~ 0.98 (39)) water at moderate temperature, perhaps supporting locally and transiently habitable environments. More broadly, rocks at Cape York appear to record early events in a transition from (commonly) hydrothermal waters that altered basaltic crust to phyllosilicates (40) to sulfate-charged ground waters that generated salt-rich sandstones deposited widely over the Meridian plains and elsewhere. Chester Lake clast 
